Abstract. It is necessary to consider simultaneous damage to multiple buildings when performing probabilistic risk assessment for a portfolio of buildings. In this study, we demonstrate tsunami risk assessment for two buildings using copulas of tsunami hazards that consider the nonlinear spatial correlation of tsunami wave heights. First, we simulated the wave heights considering uncertainty by varying the slip amount and fault depths. The frequency distributions of the wave heights were evaluated via the response surface method. Based on the distributions and numerically simulated wave heights, 15
However, probabilistic evaluation methods are also utilized in cases to evaluate risks for a portfolio of buildings. With respect to businesses that own building portfolios including factories and offices over a wide area, it is extremely important in risk-based management decisions to evaluate the detailed risks posed by aggregates of building portfolios. While evaluating physical risks over a wide area, it is necessary to evaluate the aggregate risk for multiple buildings that are located at a distance. In these types of cases, it is necessary to evaluate the risk by considering the spatial correlation of hazards. 5
Analyses that do not consider the spatial correlation of hazards involves the risk of underestimating the risk over a wide area.
Analyses that consider the spatial correlation of hazards are relatively advanced in the field of earthquake risk assessment (e.g., Boore et al., 2003; Wang and Takada, 2005; Park et al., 2007) albeit insufficient in the field of tsunami risk assessment.
Analyses that consider the hazard correlation using copulas are used in hydrological/earthquake modeling (e.g., Salvadori et al., 2016; Goda and Tesfamariam, 2015) although there is a paucity of the same in tsunami modeling. 10
In this study, we assume the occurrence of a large earthquake in the Sagami Trough in Japan that significantly affects the metropolitan area and evaluate the tsunami risk of two buildings located at distant locations by considering the spatial correlation of the tsunami wave height between the two sites. The objective of this study involves evaluating the frequency distribution of the tsunami height via the response surface method and evaluating the spatial correlation of the tsunami height by using various copulas. Specifically, we analyze the frequency distribution (marginal distribution) of tsunami height via 15 the response surface method and target two steel buildings located at Oiso and Miura along the Sagami Bay, Kanagawa Prefecture in Japan. Subsequently, we derive a simultaneous distribution of tsunami wave heights between two sites by using various copula, convert it to the simultaneous distribution of damage via applying a damage function, and evaluate the expected value of the aggregate damage probability for the target buildings. Finally, we confirm the extent to which the expected value of the aggregate damage probability fluctuates in a case where the spatial correlation of tsunami wave height 20 is considered and a case where it is not considered.
The second chapter provides an outline of the response surface method and tsunami risk assessment method for multiple buildings using copulas. The third chapter describes a case where the proposed method is applied to the Sagami trough area.
The final conclusions are discussed in the fourth chapter.
Methodology 25
Figure 1 shows a flowchart of tsunami risk assessment considering the correlation of tsunami wave heights in this study.
Herein, the risk assessment target points only correspond to two points: Oiso and Miura. First, we simulate the tsunami wave heights considering the uncertainty at the target sites by numerical tsunami simulations via nonlinear long wave equations.
Based on this, we construct a response surface and apply probability distributions to obtain a frequency distribution of tsunami wave heights. This distribution becomes a marginal distribution for a joint distribution of tsunami wave heights of 30 two target points. Separately, we estimate appropriate copula via maximum likelihood estimation from the simulation results of the tsunami wave height considering uncertainty. Subsequently, we obtain a joint distribution of tsunami wave heights https://doi.org/10.5194/nhess-2019-139 Preprint. Discussion started: 27 May 2019 c Author(s) 2019. CC BY 4.0 License. from the estimated copula and the marginal distributions of tsunami wave height. Furthermore, we obtain a joint distribution of damage probabilities by applying the tsunami damage function.
The outline of the response surface method and copula modeling used in this study is explained below. The response surface method is a statistical combination method to determine an optimum solution using the least number of measurement data possible. The basic idea is based on a reliability-based design scheme developed in the research field of geomechanics (e.g. 5
Honjo, 2011). Generally, the response surface model is given by Eq. (1) as follows:
where explanatory variables correspond to xi (i = 1, 2, 3, ..., n), response (object variable) corresponds to y, and error corresponds to ε. In this study, we model tsunami wave height with Eq. (2) by following the tsunami hazard evaluation method proposed by Kotani et al. (2016) that applied a reliability analysis framework using the response surface method 10 proposed in Honjo (2011). The expression is as follows:
where h(S, D) denotes the tsunami wave height, S denotes the slip ratio, D denotes the fault depth, and a, b, c, d , and e denote the coefficients. This response surface method has an advantage that the probability distribution of the objective variable can be easily evaluated by applying an appropriate probability distribution to the explanatory variable and 15 performing Monte-Carlo simulation. Although tsunami numerical simulation considering uncertainty usually has high calculation cost to conduct vast numbers of simulation cases, it is possible to significantly reduce the simulation cost by using the response surface method.
The foundation of the copula theory corresponds to the Sklar theorem (Sklar, 1959) . A copula is a multivariate distribution whose marginals are all uniform over [0, 1] . Given this in combination with the fact that any continuous random variable can 20 be transformed to be uniform over [0, 1] by its probability integral transformation, copulas are used to separately provide multivariate dependence structure from the marginal distributions. Let F be a n-dimensional distribution function with marginals F1, . . . , Fn and H be a joint cumulative distribution function. There exists a n-dimensional copula C such that for all x in the domain of F, the following expression holds (Sklar, 1959) :
Joe (1997) and Nelsen (1999) proposed the two comprehensive treatments on the topic. The two most common elliptical copulas correspond to the Gaussian copula and the t-copula whose copula functions in the bivariate case correspond to Eqs.
(4) and (5).
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The Gaussian copula is simply derived from a multivariate Gaussian distribution function with mean zero and correlation matrix by transforming the marginals by the inverse of the standard normal distribution function . The t-copula is derived in the same way as the Gaussian copula. Given a multivariate centered t-distribution function , with correlation matrix , ν degrees of freedom and with marginal distribution function . The Archimedean copula is a widely-used copula family.
The Archimedean copulas include the Gumbel, Frank, and Clayton copulas whose copula functions in the bivariate case correspond to Eqs. (6), (7), and (8), respectively, as follows:
The Gumbel and Clayton copulas capture upper tail dependence and lower tail dependence, respectively, while the Frank copula does not exhibit tail dependence. Specifically, θ is estimated based on the maximum log-likelihood method. The copulas denote the symmetrical property with respect to diagonal lines of a unit square. To handle asymmetrical data in transformed space, we used an asymmetrical extreme-value copula (Tawn, 1988; Genest and Favre 2007; Genest and Segers, 10 2009 ). Extreme-value copulas are characterized by the dependence function A as given in Eq. (9):
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An asymmetric model using the copula with three parameters as mentioned by Tawn (1988) is given by:
where, r, θ and φ are estimated based on the maximum log-likelihood method. The special case θ = 1 and φ = 1 corresponds 15 to the symmetric model proposed by Gumbel (1960) , and thus this is termed as the asymmetric Gumbel copula. We use this copula for modeling asymmetrical data dependence.
In this study, we use bivariate as the tsunami wave height at two target points and model the correlation using copula. The linear correlation coefficient (Pearson's correlation coefficient) is an index that captures the linear relation between variables and essentially cannot express the dependency between variables that are not in linear relation. Conversely, the copula is a 20 function that expresses the correlation based on the order of the data of each variable rather than the data itself. The order of the data is expressed by Kendall's τ (Kendall, 1938) . Therefore, it is possible to quantify the nonlinear correlation between the variables. Table 1 shows theoretical value of Kendall's τ corresponding to the bivariate copulas and their parameter vectors. In this study, we show a simple evaluation method for two target points, although correlation between more points can be considered by using copulas. 25
Application to the Sagami trough area
In this chapter, we demonstrate a case study where the risk assessment method described in the previous chapter is applied for two buildings located on the coast of Sagami Bay, Kanagawa prefecture in Japan. Section 3.1 shows the assessment target points, Section 3.2 shows the tsunami numerical simulation considering uncertainties, Section 3.3 constructs the response surface, Section 3.4 shows the modeling of tsunami wave height correlation using copulas, and Section 3.5 shows 30 the results of the evaluation and discussion. Figure 2 shows the located points of tsunami risk assessment targets, namely Oiso and Miura, Kanagawa prefecture in Japan.
Risk assessment targets
Oiso is located at the approximate center of Sagami Bay coast, and Miura is located at the tip of the Miura Peninsula, which is located between Tokyo Bay and Sagami Bay. We assume a steel-framed building located at these two points and evaluate tsunami damage probability for the two buildings. 5
Tsunami numerical simulation considering uncertainties
In this section, we evaluate the tsunami wave heights by considering the uncertainty at the target points.
We selected ten earthquake occurrence sources of the Moment magnitude (Mw) 8 class along the Sagami trough announced by NIED (2017), which significantly affects the metropolitan area in Japan. The Sagami trough is a 300 km long boundary between the Philippine Sea and North American plates. The assumed earthquake sources are shown in Fig. 3 (a) . The Mw of 10 the sources ranges from Mw 7.9 to Mw 8.6. The region 8 has maximum Mw 8.6. The sources are used for probabilistic ground motion prediction published by NIED (2017), and thus they exhibit 0.7 % occurrence probability in the next 30 years, and the weights of occurrence probability for each earthquake source. We set fault parameters (i.e., slip amount, depth, dip, rake and strike) to the sources based on information published by Cabinet Office (2013) in Japan. Table 2 shows the number of small faults in each source. Each small fault corresponded to a 2.5 km square, and the slip amount of the fault was set to a 15 uniform value based on the moment magnitude (Mw) by using the scaling law of the earthquake. In this study, we did not consider non-uniform slip distribution for purposes of simplicity. (12) and (13)) as follows:
where η denotes the water level, D denotes the total water level, g denotes the acceleration due to gravity, n denotes the 25
Manning coefficient, and M and N denote the fluxes in the x and y directions, respectively. The governing equations were discretized via the staggered leapfrog scheme (Goto and Ogawa, 1982; UNESCO, 1997) . To consider wave height uncertainty, we implemented 25 cases of tsunami numerical simulation for each earthquake source. In each source, the slip amount was varied by ± 0.1 times, ± 0.05 times with respect to the reference case (5 cases) in terms of Mw conversion based on the scaling law, and the fault depth was changed by + 2.0 km, +1.0 km, -0.5 km, and -1.0 km with respect to the 30 reference case (5 cases) to consider the changes of the slip and the fault depth as uncertainty. There are a total of 10 https://doi.org/10.5194/nhess-2019-139 Preprint. Discussion started: 27 May 2019 c Author(s) 2019. CC BY 4.0 License. earthquake sources thus, we implemented a total of 250 cases of tsunami numerical simulation nested in four stages of 270 m, 90 m, 30 m, and 10 m in the Japanese plane rectangular coordinate system IX for each simulation and executed the simulation for 3 hours from the earthquake occurrence. Figure 4 shows the maximum tsunami wave heights of Miura and Oiso and Pearson's correlation coefficient relative to the tsunami numerical simulation results of each earthquake source. We confirmed that the correlation coefficient corresponded to at least 0.8 in any region, thus the correlation between tsunami 5 wave height of Miura and Oiso was relatively high. The results suggest that we should evaluate tsunami risk assessment considering the spatial correlation of tsunami wave height between the target points.
Construction of response surface
In this section, we construct a response surface.
With respect to the results of the maximum wave height of the tsunami numerical simulation, we regressed the response 10 surface (Eq. (2)) using the least squares method. The explanatory variables correspond to the fault slip and the fault depth, and the objective variable denotes the maximum wave height at the target sites. We performed the regression analysis based on all combinations of four explanatory variables (2 4 -1 = 15 cases) and adopted a response surface with a high coefficient of determination and the smallest Akaike Information Criterion (Akaike, 1974) . Table 3 shows the AIC values of 15 case regression analyses for Miura and Oiso, and Table 4 shows the regression coefficients of the response surface where AIC 15 corresponds to the minimum in each earthquake source. For example, Fig 
We can obtain the frequency distribution of the tsunami wave height by giving a probability distribution function that expresses the uncertainty to the explanatory variable (slip ratio S and fault depth D) of the evaluated response surface and performing a Monte-Carlo simulation. 25
As reported by JSCE (2002), the estimated variation of Mw of an earthquake of the same magnitude is approximately 0.1.
Based on the aforementioned value, we set a normal distribution with an average value of 1.0 and a standard deviation of 0.1 for the slip rate by using the scaling law. With respect to the uncertainty of the fault depth, we also set a normal distribution.
The average value was set to 0.0 m, and the standard deviation was set to a random number generated from a log normal distribution that was obtained from the seismic observation error data from October 2016 to September 2017 (N = 305,030) 30 as published by the Japan Meteorological Agency (2017). We used the lognormal distribution with an average of 0.12 km and a standard deviation of 0.65 km. We would like to note that it is necessary essentially to apply a probability distribution that appropriately expresses all possible uncertainty to the explanatory variables of the response surface, but in this study we https://doi.org/10.5194/nhess-2019-139 Preprint. Discussion started: 27 May 2019 c Author(s) 2019. CC BY 4.0 License. applied a relatively limited probability distribution as uncertainty since we did not focus on discussing the details of the tsunami wave uncertainty, but on proposed tsunami risk assessment method using response surface and copulas. Figure 6 (a) (b) shows the frequency distribution of the tsunami wave height obtained by the aforementioned procedure. By using the response surface method, we can significantly reduce the simulation costs for probabilistic tsunami hazard assessment considering uncertainty. 5
To ascertain the normality of the frequency distributions, we performed the Kolmogorov-Smirnov test. Table 5 shows the results of p-values for each source region. In several cases the p-values were less than 0.05, thereby indicating that the normality of the frequency distribution of the tsunami height is not secured.
Dependence modelling using copulas
In this section, we estimate appropriate copulas from the results of tsunami numerical simulation considering uncertainties 10 and evaluate spatial correlation structure of tsunami wave height between two sites.
As confirmed in the previous section, despite the high linear correlation of the frequency distribution of the tsunami wave height in Miura and Oiso, it is observed that the normality of tsunami wave height for several sources was not secured by the normality test. The Pearson's correlation coefficient did not accurately grasp the spatial correlation structure of tsunami wave height, and thus we attempt modeling using copula. Hereafter, we only illustrate the analysis results of the earthquake source 15 region 8 (Mw: 8.6) with the largest Mw as an example. Table 6 shows the results of estimating copulas by maximum likelihood estimation for the distribution obtained via converting the numerical simulation results into [0-1] space. We considered that a copula associated with the smallest AIC (Akaike, 1974) and BIC (Schwarz, 1978) as the best-fit copula. In source region 8, the copula with the smallest AIC and BIC corresponded to the Frank copula. We derived the simultaneous distribution of the tsunami wave heights considering the 20 wave height correlation using the Frank copula and the empirical cumulative distributions obtained from the histogram of the tsunami wave height evaluated in the previous section. Figure 7 shows the Frank copula in [0-1] space, Fig. 8 (a) and (b) shows the empirical cumulative distributions of tsunami wave height for Oiso and Miura, Fig. 9 (a) shows the results considering the wave height correlation and Fig. 9 (b) shows the results without considering the wave height correlation. The black points denote the results of Monte-Carlo simulation. The number of simulations is 10,000. The red points denote the 25 results of tsunami numerical simulation by nonlinear long wave equation. By considering the spatial correlation of the tsunami wave heights using copula, we performed a Monte-Carlo simulation that appropriately captures the nonlinear spatial correlation of the tsunami wave height. We clearly showed the usefulness of copula modeling considering the wave height correlation. Table 7 shows the result of estimating copulas under the same procedure for other earthquake source regions. In the 30 earthquake source regions targeted in this study, four types of copula were estimated, namely rotated Gumbel copula, asymmetric Gumbel copula, Frank copula, and Gumbel copula. Rotated Gumbel copula corresponds to a copula that rotates the ordinary Gumbel copula by 180 degrees. For reference purposes, the copulas for all earthquake source regions are https://doi.org/10.5194/nhess-2019-139 Preprint. Discussion started: 27 May 2019 c Author(s) 2019. CC BY 4.0 License. illustrated in Fig. 10 . From the characteristics of the copula mentioned before, there is a tail dependency in the wave heights due to the region 1, 2, 3, 5, 7 and 9, but there is no tail dependency in the wave heights due to the region 4, 6, 8 and 10. The tail dependency of the wave height could change in various ways under the effects from the relative position of the earthquake sources and the target points, the bottom and land topography.
Risk assessment results and discussion 5
In this section, we evaluate the simultaneous distribution of tsunami wave heights and damage probability of target buildings for the entire area of the Sagami trough earthquake using the occurrence probability weights of each earthquake source. Table 8 shows the occurrence probability weights of each region of the Sagami trough published by NIED (2017). We first determine the earthquake occurrence region via uniform random numbers using the weights and then evaluate the simultaneous distribution of the tsunami wave heights due to the determined earthquake using the estimated copula. Figure  10 11 shows the results of evaluation by Monte-Carlo simulation with 10,000 trials. Figure 11 (a) shows the simultaneous distribution of the tsunami wave heights considering the spatial correlation of the wave height, and Fig. 11 (b) shows the results without considering spatial correlation of the tsunami wave height. Furthermore, Fig. 11 (c) shows the simultaneous damage probability of two buildings that transform both axes of tsunami wave heights in Fig. 11 (b) into the damage probability by using the damage function of the steel frame (Suppasri et al., 2013) based on the assumption that a steel 15 building exists at the evaluation target point. Table 9 shows the average value of aggregate damage probability of two buildings, 95 percentile value, 99 percentile value, and maximum value assuming that the two buildings exhibit the same asset value. Although the expected value of the aggregate damage probability barely changed when compared with that of no correlation case, the aggregate damage probability of the ninety-ninth percentile value was approximately 1.0 % higher and the maximum value was approximately 3.0 % higher when considering the hazard correlation utilizing the copulas. We 20 clearly showed the significance of considering spatial correlation structure of tsunami wave height in evaluating tsunami risks for a portfolio of buildings. In this study we only demonstrated the evaluation method for two points, but the effect of the wave height correlation on the evaluation result is expected to increase if more points are targeted.
Conclusion
In this study, we evaluated the aggregate tsunami damage probability of two buildings located at two relatively remote 25 locations based on the frequency distribution of the tsunami height via the response surface method and the spatial correlation of the tsunami height by using various copulas, assuming the occurrence of the Sagami Trough earthquake that significantly affects the metropolitan area in Japan. The ninety-ninth percentile value of the aggregate damage probability was approximately 1.0 % higher, and the maximum value was approximately 3.0 % higher in the evaluation considering the spatial correlation of the tsunami wave height when compared with the evaluation without considering the spatial correlation. 30
The results clearly show the significance of considering the spatial correlation of the tsunami hazard in evaluating tsunami https://doi.org/10.5194/nhess-2019-139 Preprint. Discussion started: 27 May 2019 c Author(s) 2019. CC BY 4.0 License. risks for a building portfolio and suggest that spatial correlation modeling by copulas is effective in the case wherein nonlinear correlation of the hazard exists. In addition, the response surface method used in this study significantly reduces the simulation costs for probabilistic tsunami hazard assessment considering uncertainty. It is expected that the tsunami risk assessment method for a portfolio of buildings over a wide area as proposed in this study can be used for probabilistic tsunami risk assessment of real estate portfolios or business continuity plans by parties such as large companies, insurance 5 companies and real-estate agency.
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